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INTRODUCTION 25 26
To date, the measures adopted to stabilize global temperature rise below the 2°C target, are likely to 27 be insufficient [1] . If this target is to be achieved, there must be an increased effort to de-carbonize 28 global energy consumption, which still relies heavily on fossil fuel sources. 29
Conventional heating and cooling in the domestic, commercial and public administration sectors had a 30 combined natural gas and petroleum products consumption of around 25% of the UK's final energy 31 consumption in 2014 [2] . The distribution per sector is presented in Figure 1 . 32 33 
36
To reduce the CO2 emissions in the domestic heating sector, heat pumps could be used as an alterna-37 tive to current fossil fuel burning systems; however, their usage should the restricted to off peak times 38 (between 22.00 and 07.00), in order not to greatly increase the UK's electrical grid peak demand [3], 39
Figure 2, with local heat storage being used to meet heat demand at other times. . 40
The daily variation of CO2 emissions per kWh of electricity consumed for the 15 th of January and 41
July of 2015 are presented in Figure 2 , values were obtained for the generation mix for the UK na-42 tional grid and CO2 emission factors applied similar to those estimated by Hawkes et al [4] . In order 43
to match the CO2 emissions associated with grid electricity to natural gas used for space heating 44 (204.9 gCO2/kWh [2]), the minimum coefficient of performance (COP) required for heat pumps is 45 approximately 2. 46 47 48 
51
The use of solar thermal systems is another potential way of reducing CO 2 emissions associated with 52 space and water heating, effective thermal energy storage will be essential to address the mismatch 53 between the intermittent solar heat supply and the heat demand.
[6], [7] . 54 Thermal energy storage can be achieved through 3 distinct ways: sensible; latent or thermochemical 55 heat storage. Sensible heat storage relies on the material's specific heat capacity. Latent heat storage 56 relies on the material's phase change enthalpy to store heat within a narrow temperature range, provid-57 ing greater energy density [kWh th /m 3 ] than that achievable with sensible heat storage over the same 58 temperature gradient; however, volumetric expansions during the melting process can reach 10 to 59 15% for some materials. Thermochemical heat storage is more energetic than latent heat storage, but 60 since it relies on adsorption / desorption or other chemical reactions, reaction kinetics and reactor 61 design significantly determine their actual performance, and require distinct charging and discharging 62 temperatures [8] (usually between 100 and 300 °C, depending on the reaction), having potential inter-63 est for interseasonal storage applications. Figure 3 A 
76
Medium and large scale systems such as centralized cooling (absorption chillers [9] , [10] were used. The weighting correlations used to obtain the thermophysical properties, namely heat ca-158 pacity (Cp), density (ρ), thermal conductivity (λ) and melting enthalpy (ΔH m ), are presented in equa-159 tions 1 to 6, which use available properties of the mixture and its constituents, molar ratio (x i ), mass 160 ratio (w i ) and volumetric ratio (z i ) and their melting point (Tm) to predict the unknown values. A 161 comparison was made with some eutectic salts for which experimental data was available; the differ-162 ence between predictions and measurements was less than 10%. 
POTENTIAL APPLICATIONS FOR INDIRECT LATENT HEAT STORAGE CONTAINERS AND 187

SYSTEMS
189
The integration of latent heat storage containers into specific heating or cooling networks can be di- than encapsulated latent heat systems, providing in theory longer duration isothermal outputs; howev-221 er, low rates of thermal diffusion within the bulk PCM can be a major challenge, leading to lower 222 rates of heat output than can be achieved with encapsulated systems. 223
For domestic and small district water heating requirements, characterized by heating rates tipically 224 below 20 kW, more complex heat exchanger configurations can be used to obtain higher inlet-outlet 225 temperature differentials, since flow head losses are not the main challenge. Figure 6 presents 
248
Latent heat storage for use with district heating networks has been studied by Colella et al. [12] , and 249 compared to hot water storage which is commonly used in many district heating systems. Due to the 250 high energy density of latent heat storage systems, portable containers charged from industrial waste 251 heat streams could be of potential interest in providing heat to the nearby district heating networks. 252 Figure 8 presents the design of a prototype thermal storage system for use with a district heating sys-253 tem housed in a 20 foot long cargo container tested by Deckert et al. [87] ; the system can store a max-254 imum capacity of 1758 kWh th , using sodium acetate trihydrate between 90 and 25 °C; being the heat 255 supplied by a biogas plant located 6km from the district heat network with the charged store being 256 physically transported between locations. Limiting the practical storage capacity to 80%, the compact 257 latent heat storage system could provide 40kW of nearly constant thermal output over a discharge 258 time of 38 h. The geometries used vary significantly with the application, but they commonly have cylindrical or 270 spherically shaped capsules, which can be inserted into off the shelf storage containers. Cabeza et al.
271
[89], undertook a study in which two to six small cylinders containing a mixture of 90% sodium ace-272 tate trihydrate + 10% graphite as the PCM were inserted in the upper part of a domestic hot water 273 tank, making good use of the tank's thermal stratification, Figure 9 . The study concluded that, by add-274 ing 2% by volume of PCM (2 tubes) to the top region of the store, they could achieve an increase of 275 40% in the thermal storage capacity; comparing to the common water tank over a temperature differ-276 ence of 1K where the PCM solidifies (around 54 °C). 277 278 Figure 11 illustrates s the modelled system studied by Mosaffa et al.
296
[92] with a PCM store in an office air duct. The storage unit was composed by 80 rectangular slabs 297 with 10mm thickness, 500mm width and 1.3m length, with air gaps of 3.2 mm thickness. The model-298 ling results demonstrated that the system could provide a constant heat output rate between 5 and 3 299 kW, with the air flow varying rate from 1600 to 800 m 3 /h respectively; for an inlet air temperature of 300 36 °C, the system's predicted coefficient of performance was around 7. 301 tested a compact horizontal tube in tube container using erythritol as the PCM, using axial fins to en-345 hance heat transfer. They found for this system melting/solidifying properties that would provide a 346 suitable a heat source for driving an absorption cooling system. er using erythritol and an heat transfer oil, Figure 16 ; and it concluded that at the beginning of the 403 melt process the oil has a low flow rate due to the block of solid erythritol, the top surface of the 404 PCM melts faster than the bottom due to the higher heat transfer rate and the melting time varies sig-405 nificantly with the oil flow rate. 406 407 408 
419
CONCLUSIONS 420 421
Phase change materials have the potential to store large amounts of energy within a smaller tempera-422 ture range when compared to common sensible heat storage materials. Due to the low thermal con-423 ductivities of many PCMs, poor rates of thermal diffusion within the PCM can seriously affect the 424 storage system charge and discharge rates that can be achieved. 425 A comprehensive review of PCMs melting between 0 and 250°C has been made and the thermophysi-426 cal properties of the materials having the most appropriate properties presented. Below 100 °C, organ-427 ic compounds and salt hydrates are the most interesting materials. Eutectic mixtures with Urea seem 428 promising around 100 °C, and in the range from 130°C up to l 250 °C eutectic mixtures of inorganic 429 salts appear the most promising PCMs. A mixture of sodium and potassium fomates melting around 430 170 °C appears attractive due to is relatively low price and moderate latent heat of fusion. 431
A review of potential indirect latent heat storage containers and systems suitable for integration with 432 various process heating and cooling networks is also reported. Due to its geometrical versatility, en-433 capsulated systems seem more feasible since they can be integrated to any existing system without 434 major technical constrains, although they have lower PCM volume ratios. Compact systems offer 435 larger isothermal stages due to their higher PCM volume ratios; however, heat transfer enhancement 436 among the PCM is imperative to achieve reasonable thermal power output rates, since PCMs thermal 437 conductivity can be a major issue. 438 439
